Rotavirus C (RVC) has been detected frequently in epidemic cases and/or outbreaks of diarrhoea in humans and animals worldwide. Because it is difficult to cultivate RVCs serially in cell culture, the sequence data available for RVCs are limited, despite their potential economical and epidemiological impact. Although whole-genome sequences of one porcine RVC and seven human RVC strains have been analysed, this has not yet been done for a bovine RVC strain. In the present study, we first determined the nucleotide sequences for five as-yet underresearched genes, including the NSP4 gene, from a cultivable bovine RVC, the Shintoku strain, identified in Hokkaido Prefecture, Japan, in 1991. In addition, we elucidated the ORF sequences of all segments from another bovine RVC, the Toyama strain, detected in Toyama Prefecture, Japan, in 2010, in order to investigate genetic divergence among bovine RVCs. Comparison of segmental nucleotide and deduced amino acid sequences among RVCs indicates high identity among bovine RVCs and low identity between human and porcine RVCs. Phylogenetic analysis of each gene showed that the two bovine RVCs belong to a cluster distinct from human and porcine RVCs. These data demonstrate that RVCs can be classified into different genotypes according to host species. Moreover, RVC NSP1, NSP2 and VP1 amino acid sequences contain a unique motif that is highly conserved among rotavirus A (RVA) strains and, hence, several proteins from bovine RVCs are suggested to play important roles that are similar to those of RVAs.
INTRODUCTION
Rotavirus, one of major enteric pathogens of humans and other animals, is currently divided into eight species (A-H) on the basis of serological and genomic analyses (Estes & Kapikian, 2007; Matthijnssens et al., 2012) . The viral genome consists of 11 dsRNA segments encoding six structural proteins (VP1-4, VP6 and VP7) and five or six non-structural proteins (NSP1-6) . The viral particle is composed of three concentric layers. The outer capsid consists of two structural proteins, VP4 and VP7, which contain neutralization antigens. The inner capsid consists of the structural protein VP6. The core (inner layer) consists of VP2, the major inner core protein, VP1, the RNA-dependent RNA polymerase, and VP3, the viral capping enzyme. The NSPs are known to be involved in viral replication, transcription, cellular pathology and morphogenesis (Estes & Kapikian, 2007) .
Rotavirus C (RVC) was first identified in swine as a causative agent of diarrhoea in the 1980s (Saif et al., 1980; Bohl et al., 1982) . Subsequently, several reports showed an association between porcine RVC and diarrhoea in nursing, weaning and post-weaning pigs (Sigolo de San Juan et al., 1986; Morin et al., 1990; Saif & Jiang, 1994; Kim et al., 1999) . To date, RVCs have been detected in humans, cows, ferrets and dogs (Rodger et al., 1982; Torres-Medina, 1987; Tsunemitsu et al., 1991; Chang et al., 1999; Otto et al., 1999; Mawatari et al., 2004) . Human RVCs have been detected not only exclusively in children under 3 years old, but also in all age groups including adults in many countries (Peñaranda et al., 1989; Kuzuya et al., 1998; Matsumoto et al., 1989; Qiao et al., 1999; Nilsson et al., 2000; Adah et al., 2002; Castello et al., 2002; Mwenda et al., 2003; Sánchez-Fauquier et al., 2003; Phan et al., 2004; Schnagl et al., 2004 Esona et al., 2008; Gabbay et al., 2008; Medici et al., 2009; Mitui et al., 2009; Luchs et al., 2011; Moon et al., 2011) . However, the prevalence of RVC in gastroenteric disease of children was reported to be relatively low, in spite of the global distribution of the virus (Mackow, 1995) . Apart from RVC infections in humans, a high prevalence of antibodies in cattle and pigs (47-56 and 93-97 %, respectively) was detected in the United States and Japan . In contrast, another epidemiological study done in the United States showed that the detection rate of RVC in faecal samples from both diarrhoeic calves and adult cows using an RT-PCR method was very low . Hence, there are discrepancies between previous reports and, furthermore, the potential zoonotic and economic impact of RVC in cows remains unclear because of the limited genetic data available for bovine RVCs.
Whole-genome analysis is beneficial for molecular characterization and understanding of the evolution of the pathogen. It is also useful for monitoring gene reassortment and interspecies transmission between different viral strains (Matthijnssens et al., 2008a (Matthijnssens et al., , b, 2010 McDonald et al., 2009) . Recently, a classification system for rotavirus A (RVA) was developed to differentiate all segments into genotypes (Matthijnssens et al., 2008b) . However, wholegenome analysis is to be preferred because of the difficulty in adapting RVCs to cell-culture propagation. To date, the full-genome sequence from one porcine RVC strain, Cowden, and several human RVC strains have been analysed, but those from bovine strains have not been fully elucidated (Mackow, 1995; Chen et al., 2002; Yamamoto et al., 2011) . The bovine RVC strain Shintoku was isolated from four dairy cows (aged 28-41 months) affected with severe diarrhoea at a farm in Hokkaido Prefecture, Japan, in 1991 (Tsunemitsu et al., 1991) . Another bovine RVC strain, Toyama, was detected in dairy cows with sporadic diarrhoea in Toyama Prefecture, Japan, in 2010. To our knowledge, of several bovine RVCs, only the Shintoku strain could be serially propagated and maintained in a rhesus monkey kidney cell line (MA104) (Kusanagi et al., 1992) .
Genomic sequences of the bovine RVC Shintoku strain have already been determined for the VP3, VP4, VP6, VP7, NSP3 and NSP5 genes (Jiang, et al., , 1993 Tsunemitsu et al., 1996) . Sequence analyses of VP6 genes from bovine RVCs have been performed on only a few strains isolated in the United States (WD534tc) and Japan (Shintoku and Yamagata strains) Chang et al., 1999; Mawatari et al., 2004) . In addition, phylogenetic analyses of VP6 and VP7 genes indicate that the Shintoku and Yamagata strains belong to the same cluster, which is genetically distinct from human and porcine RVCs, whilst the WD534tc strain is classified into a porcine RVC cluster on the basis of genetic analysis of VP6 (Mawatari et al., 2004) . It therefore remains unclear whether there is genetic diversity among bovine RVC strains, since no other reports have appeared of the detection of RVCs from cattle. In order to verify the genetic divergence among bovine RVCs, wholegenome data of bovine RVC strains other than the Shintoku strain would need to be accumulated.
In the present study, we attempted to determine the nucleotide sequences of the five underresearched genes (NSP1, NSP2, NSP4, VP1 and VP2) from the Shintoku strain and the ORF sequences of all 11 RNA segments from another bovine RVC strain, designated Toyama. Moreover, phylogenetic analysis of individual segments was also performed to establish a genetic classification among RVCs from different host species and to investigate genetic diversity among bovine RVCs.
RESULTS AND DISCUSSION
When nucleotide sequences of individual RVC segments were aligned, each sequence at the 59-and 39-ends was highly conserved (Kobayashi et al., 2003) . In fact, the VP6 gene of the Shintoku strain was detected and analysed using a set of primers designed on the basis of 59-and 39terminal sequences from the human RVC Bristol strain . Consequently, RT-PCR with several pairs of primers, designed by reference to both ends of individual segments from the human RVC Bristol strain and/or the porcine RVC Cowden strain, was used to determine the full-length nucleotide sequences of NSP1, NSP2, VP1 and VP2 from the bovine RVC Shintoku strain (Table S1 , available in JGV Online). Because the nucleotide sequences at both ends of the NSP4 gene, which has enterotoxigenic potential, were different between the Shintoku and Bristol strains, only the ORF sequence of the Shintoku NSP4 gene could be elucidated (see Table 2 ). In addition, ORF sequences of the remaining segments, except for NSP4, VP6 and VP7, of another bovine RVC strain, Toyama, were determined using a set of primers designed by reference to those of the Shintoku strain (Tables S1 and S2). The sizes of the 11 RNA segments as well as the sizes of the 11 ORFs of the two bovine RVC strains, in addition to those of human and porcine RVC strains, are summarized in Table 1 . The lengths of the deduced amino acid sequences of NSP2, NSP3, VP1, VP6 and VP7 from the bovine RVCs were identical to those of human RVCs. NSP1 and VP3 from the bovine RVCs were one or two amino acids longer than those of human RVCs. On the other hand, bovine RVC NSP4, NSP5, VP2 and VP4 were shorter than their human RVC homologues.
Nucleotide and deduced amino acid sequence identities of the ORFs of individual genes among bovine RVC strains and between human and porcine RVC strains are shown in Tables  2 and S3 . The sequences of corresponding segments were highly conserved among bovine RVCs (88.7-98.4 % identity at the nucleotide level; 94.7-100 % identity at the amino acid level). Throughout the 11 gene segments, the bovine RVCs exhibited relatively low sequence identities to human RVCs (57.6-82.1 % at the nucleotide level; 54.7-89.1 % at the amino acid level) and porcine RVCs (56.5-82.6 % at the nucleotide level; 60.7-91.6 % at the amino acid level). Of the 11 segments, NSP4 exhibited the lowest identity between bovine and other RVCs (56.5-59.7 % at the nucleotide level; 54.7-62.7 % at the amino acid level). In contrast, NSP2, VP1, VP2 and VP6 sequences were relatively conserved between bovine and other RVCs (.78 % at the nucleotide level;
.83 % at the amino acid level). Moreover, the VP6 and VP7 nucleotide sequences of the Yamagata strain, which was detected in Japan in 2004, showed high identity to the Shintoku strain. In contrast, the phylogenetic tree based on partial sequences of VP6 genes from bovine RVCs detected in South Korea (positions 1095-1303) indicated that bovine RVCs were more closely related to porcine RVCs (Park et al., 2011) . In addition, genetic analysis of the RVC VP7 gene revealed that the WD534tc strain is genetically more closely related to the porcine RVC Cowden strain than to either the Shintoku or Yamagata strain . These data suggest that bovine RVCs that are distributed widely in the world have wide diversity, but bovine RVCs in Japan may have originated from a common ancestor and then cocirculated around Japan.
Phylogenetic analyses of the 11 segments of the two bovine RVC strains were performed in comparison with those of several human and porcine strains. The Shintoku and Toyama strains belong to the same cluster, which is distinct from human and porcine RVCs on all segments (Fig. 1) .
Subsequently, a genetic classification of each RVC segment was carried out on the basis of a cut-off value estimated according to the definitions of a previous report (Yamamoto et al., 2011; see Methods) . The cut-off values for genotyping of individual genes are summarized in Table 2 . In the tree of the RVC VP7 gene, the Shintoku and Toyama strains were grouped into genotype G2 on the basis of the previous genetic classification (Martella et al., 2007) . In the genotyping of the RVC VP4 gene, the two bovine RVCs were classified into genotype P[3], whilst the human and porcine RVCs were grouped into genotypes P[2] and P[1], respectively. For the NSP3, NSP5, VP3 and VP6 genes, the two bovine RVCs were assigned to genotypes T3, H3, M4 and I3, respectively, on the preexisting genotype classification (Yamamoto et al., 2011) Phylogenetic analysis of the genes encoding NSP1, NSP2, NSP4, VP1 and VP2 indicated the presence of new genotypes harbouring the bovine RVCs, provisionally defined as A3, N3, E3, R3 and C3.
The presence of divergent or conserved regions in all segments among RVCs and between them and RVAs and/ or RVBs was analysed by alignment of deduced amino acid sequences. Consequently, several motifs in NSP1, NSP2 and VP1 were highly conserved among RVAs, other RVCs and some RVBs (Fig. 2) . In comparing NSP1 amino acid sequences from the two bovine RVCs with those of RVAs, a Strain  NSP1  NSP2  NSP3  NSP4  NSP5   nt  aa  nt  aa  nt  aa  nt  aa  nt  aa   Shintoku  1273  395  1037  312  1350  402   ND   146  719  209  Toyama   ND   395   ND   312   ND   402   ND   146   ND   209  Bristol  1270  394  1037  312  1350  402  613  150  730  212  BK0830  1270  394  1037  312  1350  402  613  150  730  212  BS347  1270  394  1037  312  1350  402  613  150  730  212  OH567  1270  394  1037  312  1350  402  613  150  730  212  v508  1270  394  1037  312  1350  402  613  150  730 695  2253  733  1352  395  1063  332  Bristol  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  BK0830  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  BS347  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  OH567  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  v508  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  Wu82  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  YNR001  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  Cowden  3290  1082  2736  884  2145  692  2246  736  1352  395  1063  332 ND, Not determined (see text).
common zinc-binding motif at the N-terminal domain, highly conserved in RVAs, was observed. This motif is known to be involved in evasion of the innate immune response to virus infection through binding to interferon regulatory factor 3 (IRF3) (Graff et al., 2002) . Therefore, the presence of the zinc-binding motif in bovine RVC NSP1 suggests that it is also involved in regulation of the host immune system, in the same manner as NSP1 from RVAs. The histidine triad motif (HQQQHQQ) of NSP2, which is important for NTPase activity, is highly conserved in RVAs, RVBs and other RVCs (Carpio et al., 2004; Suzuki et al., 2012) . The fact that the bovine RVC NSP2 also possesses the histidine triad motif suggests that the motif is essential for the viral replication process among different species of rotaviruses. Moreover, the amino acid sequences of the VP1 gene from the two bovine RVCs contain the consensus motif of the RNA polymerase that is highly conserved among RNA viruses (Cohen et al., 1989; Nagashima et al., 2008) . This finding suggests that the product of the bovine RVC VP1 gene functions as an RNA-dependent RNA polymerases, as is the case for other rotaviruses.
In conclusion, our study demonstrates that bovine RVCs can be classified into genotypes distinct from human and porcine RVCs according to genetic relatedness and the Nucleotide sequences of the bovine RVC strains, Shintoku and Toyama, were compared with one another or among three strains including the Yamagata strain in the case of VP6 and VP7. In addition, sequences of the two bovine RVC strains were also compared with human and porcine RVC strains as shown in Fig. 1 . species of origin. The fact that the two bovine RVCs identified in Japan are genetically more closely related to each another suggests that bovine RVCs derived from a common origin are circulating among farms throughout Japan. The data presented here will expand molecular information and aid the progress of genetic analysis of RVCs.
Gene segment

METHODS
Viruses. The RVC Shintoku strain was propagated and maintained in MA104 cells in our laboratory according to a method described previously (Tsunemitsu et al., 1991) . The RVC Toyama strain originated from faecal samples of diarrhoeic dairy cows in 2010. Viral RNA was extracted from culture fluid or 10 % faecal suspension diluted with PBS using TRIzol LS (Invitrogen) according to the manufacturer's instructions.
RT-PCR and sequencing. The full-length nucleotide sequences of four genes, NSP1, NSP2, VP1 and VP2, and the ORF sequence of the NSP4 gene from the Shintoku strain were amplified and sequenced by RT-PCR using primers originally designed to correspond to genes of the human RVC Bristol and/or porcine RVC Cowden strains (Table  S1 ). The ORF sequences of the 11 RNA segments from the Toyama strain were amplified and sequenced by RT-PCR using primers designed to correspond to the genes of the Shintoku strain, in addition to primers used in the analysis of five unidentified genes of the Shintoku strain (Table S2 ). RT-PCRs were carried out using a OneStep RT-PCR kit (Qiagen) according to the following conditions: 50 uC for 30 min and 95 uC for 15 min, followed by 35 cycles of 94 uC for 1 min, 48 uC for 1 min and 72 uC for 2 min, and then a final extension at 72 uC for 10 min. The products were sequenced using a BigDye Terminator version 3.1 cycle sequencing kit on an automated ABI Prism 3130 Genetic Analyzer (Applied Biosystems).
Sequence data were aligned by the CLUSTAL W method using the MEGALIGN 7.2 program of the Lasergene software (DNASTAR). Phylogenetic analyses were conducted using MEGA version 5 (Tamura et al., 2011) . Genetic distances were calculated using the Poisson correction parameter at the nucleotide level and Kimura's two-parameter correction at the amino acid level (Matthijnssens et al., 2008b) . Phylogenetic trees were constructed with 1000 bootstrap replicates (Saitou & Nei, 1987) .
In order to classify individual genotypes of each of the bovine RVC segments, a cut-off value was determined according to the methods described by Yamamoto et al. (2011) . Briefly, the cut-off value for genotyping of each gene segment was defined as a value that is slightly higher than the maximum sequence identity at the nucleotide level between human and animal RVCs, because these RVCs were grouped into different clusters in the phylogenetic dendrograms as shown in Fig.  1 . The values for genetic classification among RVCs including the two bovine RVC strains, Shintoku and Toyama, are summarized in Table 2 . Fig. 1 . Phylogenetic trees for all individual segments from RVCs. The dendrograms were reconstructed by the neighbourjoining method with the MEGA 5 program. Percentages of bootstrap support (from 1000 replicates) are indicated at each node; values less than 70 % are not indicated. B, Bovine; H, human; P, porcine. GenBank accession numbers are also shown. Genotypes are given to the right. 
